Storage and Retrieval of Thermal Light in Warm Atomic Vapor 
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We report slowed propagation and storage and retrieval of thermal light in warm rubidium vapor 
using the effect of electromagnetically- induced transparency (EIT). We first demonstrate slowed- 
propagation of the probe thermal light beam through an EIT medium by measuring the second- 
order correlation function of the light field using the Hanbury-Brown— Twiss interferometer. We also 
report an experimental study on the effect of the EIT slow-light medium on the temporal coherence 
of thermal light. Finally, we demonstrate the storage and retrieval of thermal light beam in the EIT 
medium. The direct measurement of the photon number statistics of the retrieved light field shows 
that the photon number statistics is preserved during the storage and retrieval process. 

PACS numbers: 32.80.Qk, 42.50.Gy, 42.50.Ar 



Actively controlling the speed of a light pulse has been 
extensively studied in the recent years using the phe- 
nomenon known as electromagnetically-induced trans- 
parency (EIT). In the EIT effect, a strong laser field (the 
"coupling beam" ) creates a narrow transparency window 
for the probe field within an otherwise, i.e., without the 
coupling field, opaque region of the atomic spectra as 
a result of induced quantum interference among the in- 
teracting atomic energy levels [l| . The peculiarity of the 
EIT effect is that the newly opened transparency window 
can exhibit extraordinarily steep spectral dispersion, po- 
tentially resulting in an ultra-slow group velocity for the 
probe pulse 0, y] . 

Furthermore, the group velocity of the probe field can 
even be reduced to zero, effectively freezing the probe 
pulse within the atomic coherence medium, by adiabat- 
ically changing the coupling field amplitude so that the 
quantum state of light is coherently transferred to the 
atomic spin excitation in a completely reversible manner 
[3, Q. So far, EIT-based light storage has been demon- 
strated for a coherent light pulse Q, a single-photon 
@) HI i frequency filtere d sp ontaneous parametric down- 
conversion photons [1, and the squeezed vacuum 
0,0. 

To date, however, slowed propagation and storage and 
retrieval of (chaotic) thermal light in an EIT medium 
have not been demonstrated. Since chaotic light can 
mimic certain features of quantum correlations, e.g., TV- 
photon ghost interference and imaging and can 
be used for chaotic communication [18| . it is of impor- 
tance and interest to consider how chaotic light would 
interact with an EIT medium and if the chaotic nature 
of thermal light would indeed be preserved during the 
storage and retrieval process. 

In this paper, we report what we believe to be the 
first experimental demonstration of slow propagation and 
storage and retrieval of thermal light in an EIT medium. 
First, we demonstrate EIT-induced slowed-propagation 



of the probe thermal light beam in a warm atomic (Ru- 
bidium 85) vapor by measuring the second-order cor- 
relation function of the light field using the Hanbury- 
Brown— Twiss interferometer. We also study how the 
temporal coherence of the thermal light is affected by 
the EIT slow-light medium. We then demonstrate the 
storage and retrieval of a thermal light beam in the EIT 
medium. In particular, by directly measuring the pho- 
ton number statistics of the retrieved light beam, we show 
that the photon number statistics is preserved during the 
storage and retrieval process. 

Consider the experimental setup shown in Fig. [1] An 
external cavity diode laser (ECDL) operating at 795 nm 
is used as the main light source for this experiment. First, 
the laser beam from ECDL is sent to an acousto-optic 
modulator (AOM1) in the double pass configuration to 
generate an additional laser beam which is 2.956 GHz 
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FIG. 1. Schematic diagram of the experiment. The genera- 
tion of pseudo-thermal probe beam is realized with an electro- 
optic modulator driven by a Gaussian noise voltage or by scat- 
tering a focused laser beam at a rotating ground disk. The 
inset shows the the energy level configuration of 8j Rb Dl 
transition line used in this experiment. AOM: acousto-optic 
modulator, BS: non-polarizing beam splitter, PBS: polarizing 
beam splitter, and Pol.: Glan- Thompson polarizer. Dl and 
D2 are detectors. 
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down-shifted with respect to the undiffracted main beam. 
The main beam is then sent to a second acousto-optic 
modulator (AOM2) which generates a new laser beam, 
80 MHz up-shifted with respect to the main beam. The 
laser beams generated at AOM1 and AOM2 are 3.035 
GHz apart which is equal to the hyperhnc splitting of 
two ground states of 85 Rb. The laser beam generated 
at AOM2 is used as the (strong) coupling beam and the 
laser beam generated at AOM1 is used as the (weak) 
probe beam. Note that the coupling beam is horizon- 
tally polarized and the probe beam is vertically polarized 
(waveplates are not shown in the figure) . The probe laser 
beam is then used to generate (chaotic) thermal light ei- 
ther by passing it through an electro-optic modulator 
driven by a Gaussian noise voltage [l9| or by scattering 
the focused laser beam at a rotating ground disk [2CJ, |21| . 

The coupling and probe fields are combined at PBS 
and directed to a 75 mm long quartz cell filled with iso- 
topically pure 85 Rb vapor with 10 Torr Ne buffer gas. A 
heating element surrounds the vapor cell and the heater- 
cell package was wrapped with ^-metal shields to reduce 
the effect of stray magnetic fields. The vapor cell was 
heated to maintain 50^55°C during the experiment. The 
coupling field is then blocked by a polarizer (Pol) and 
only the probe field is detected at D2. After the polar- 
izer, the power ratio of the residual coupling beam to the 
probe beam is less than 0.3% in our experiment. 

Our A-type EIT scheme makes use of the 85 Rb Dl line 
as shown in the inset of Fig. [TJ The probe field couples 
the 5 2 S 1/2 F = 3 -> 5 2 P 1/2 F' = 3 transition with the 
frequency detuning of A w 100 MHz to the blue in order 
to achieve better transmission and the coupling field is 
set to satisfy the two-photon resonance condition 6 = 0. 

Before doing the thermal light storage experiment, we 
first measured the EIT bandwidth for a probe laser beam 
by detuning the frequency of the coupling laser. The 
full width at half maximum (FWHM) EIT window was 
measured to be 200 kHz. The frequency of the coupling 
laser was set so that the probe laser transmission was 
at its maximum, i.e., the coupling and the probe fields 
satisfied the two-photon resonance condition. 

Let us first describe the slow-light experiment for ther- 
mal light. First, to generate a (chaotic) thermal probe 
field, the probe beam generated at AOM1 is sent through 
an electro-optic modulator (EOM) driven by a Gaussian 
noise voltage with its intensity and phase randomly set 
[Tg| . The noise bandwidth is varied from 40 kHz to 500 
kHz depending on a particular experimental run. The 
average power of the thermal probe field and the laser 
coupling field were 50 fj,W and 3 mW, respectively. 

The normalized second-order correlation function, g^ 2 \ 
is measured with the Hanbury-Brown— Twiss interfer- 
ometer to confirm the thermal light characteristics of 
the probe field and to observe the slowed-propagation of 
the thermal light via the EIT medium. The Hanbury- 
Brown— Twiss interferometer is formed with a 50/50 
beam splitter BS and two photocurrent detectors Dl and 
D2 (Thorlabs, model PDB150A), see Fig. Q] E3 • The 
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FIG. 2. Slowed propagation of chaotic light in the EIT 
medium. The normalized cross-correlation function gets 
broadened when the incident thermal light bandwidth a is 
sufficiently larger than the 200 kHz EIT bandwidth. The 
measured bandwidths a of the transmitted thermal light in 
the EIT condition (i.e., with the coupling on) are (a) 46 kHz, 
(b) 80 kHz, (c) 202 kHz and (d) 322 kHz. All plots are nor- 
malized to unity. 



cross-correlation of the intensity fluctuations between the 
two detectors is given as [23| 



(A/i(ti)AJ 2 (t 2 ))« 5 (a) (r)-l, 



(1) 



where AJj(£s) is the AC component of the current mea- 
sured at detector i in time U, r = t2—t\, and (...) repre- 
sents the time average. In experiment, the photocurrent 
is first digitized and the r-dependent cross-correlation 
function is evaluated on a computer by using the AC 
components of the signals. 

The slowed-propagation of thermal light is demon- 
strated by observing the second-order correlation of the 
light field with or without the coupling beam. For 
(chaotic) thermal light with a Gaussian spectral width 
a, the normalized second-order correlation function takes 
the form of a Gaussian function with the temporal coher- 
ence time corresponding to a [23|]. If we, therefore, as- 
sume that the net effect of the EIT medium to the chaotic 
light is just a group delay, the normalized second-order 
correlation function for the slowed thermal light is given 
as 



(2) (r) - 1 = exp[-a 2 ( T - T g f In 2] 



(2) 



where r g is the delay due to the slow-light condition of 
the EIT medium in the presence of the coupling field. 

Figure [2] shows the experimental data for slowed- 
propagation of thermal light in the EIT medium. The 
experimental data clearly show the effect of the EIT 
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medium to the chaotic light. When the bandwidth of the 
probe thermal light is much less than the 200 kHz EIT 
bandwidth, the second-order correlation function is de- 
layed with no change in its shape, see Fig.^a). However, 
as inferred from Fig. [2jb), (c) and (d), the second-order 
correlation function gets broadened as the bandwidth of 
the thermal light is increased. The broadening of is 
caused by the fact that, when the bandwidth of the probe 
thermal light becomes larger than the EIT bandwidth, 
the probe beam gets spectrally filtered due to frequency- 
dependent absorption and higher-order dispersion also 
comes into play. Note also that, as the bandwidth of the 
thermal light gets larger than the EIT bandwidth, the 
amount of delay is apparently reduced, see Fig. [2jc) and 
Fig.Hd). 

We now describe the experiment on the storage and 
retrieval of thermal light in the EIT medium. The 
experimental schematic is similar to Fig. [1] but with 
small changes. First, the chaotic light for this measure- 
ment was generated by focusing the probe laser beam 
(diffracted at AOM1) on a rotating ground disk rather 
than using the Gaussian noise driven EOM as done in the 
previous slow-light experiment. It is because the statis- 
tical properties of the EOM-driven chaotic light depend 
entirely on the characteristics of the driving electronic 
signal. Thus, unwanted electronic noises, such as the 
power noise, may easily alter the measured photon count 
distribution. On the other hand, the chaotic light gen- 
erated by scattering a focused laser beam on a rotating 
ground disk has been known to offer an excellent Bosc- 
Einstein photon count distribution (2^,[2l[. In this exper- 
iment, the peak power of the probe thermal light pulse 
and the coupling laser pulse were 10 /iW and 3 mW, re- 
spectively. The spectral bandwidth of the thermal probe 
was measured to be a = 104 kHz by using the Hanbury- 
Brown— Twiss interferometer described earlier. Second, 
the detector D2 is now replaced with a single-mode fiber 
coupled single-photon counting detector for photon count 
distribution measurement to directly observe the photon 
number statistics of the retrieved probe field in the EIT 
medium. 

Figure [3fa) shows the pulse sequence for the storage 
and retrieval of thermal light. The coupling laser beam 
is initially turned on and this prepares the EIT medium. 
The probe field (chaotic thermal light), shaped into a 
2 /is rectangular pulse by turning on and off AOM1, is 
then directed to the EIT medium. The probe pulse gets 
compressed temporally as it enters the vapor cell due to 
the reduced group velocity in the EIT medium. After 
the probe pulse has completely entered the vapor cell, 
the coupling laser is turned off, mapping the state of the 
probe field onto the atomic states. After the 3 /us storage 
duration, the stored probe pulse is retrieved by turning 
back on the coupling field. The repetition rate of the 
whole sequence was 8 kHz. 

The experimental results are shown in Fig. Efb). For 
this measurement, we use a time-correlated single-photon 
counter (TCSPC) in the start-stop histogram mode with 
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FIG. 3. (a) Pulse sequence for the light storage and retrieval 
experiment. The detector gating pulse for D2 is necessary for 
directly measuring the photon count distribution of the re- 
trieved light, (b) Storage and retrieval of the chaotic thermal 
probe field and the coherent probe field. Note that the small 
kink at leading edge of leakage pulse (around —2 fj,s) is just 
an overshoot due to the AOM driver response. 
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the 8 kHz synchronization pulse as the start and the 
D2 signal as the stop. The use of the single-mode fiber 
and a moderate neutral-density filter ensures that D2 has 
one photon count event on average per measurement cy- 
cle. The storage and retrieval of the chaotic probe field 
as well as the coherent probe field are demonstrated in 
Fig. [Hb). The experimental result clearly demonstrates 
that chaotic thermal light can be dynamically stored and 
retrieved in an EIT medium. 

Although the experimental results in Fig. [3] show that 
chaotic thermal light can be stored and retrieved in warm 
atomic vapor using the EIT effect, it is necessary to per- 
form the photon number statistics measurement to see if 
the retrieved field indeed exhibits the photon count dis- 
tribution of the chaotic thermal light. The photon count 
distribution can be measured by using a photoelectric de- 
tector and the probability of registering n count events 
during the measurement interval T is given as pM) 



exp[-i(L{t,T)T\j , (3) 



where r\ is the overall detection efficiency, I(t, T) is the 
average intensity of the light field during the measure- 
ment time T, and (. . .} represents the time average. For 
the coherent state of light, e q. pH is calculated to be the 
Poisson distribution |2j [23{ 



Pcohin) = — exp[-n] 



(4) 
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FIG. 4. Measured and calculated photon count distribution 
P(n) for the retrieved probe field, (a) The probe field is a 
chaotic light generated at the rotating ground disk, (b) The 
probe field is a coherent laser beam. 



where h — r)I(t, T)T is the average value of photon 
counts for the measurement interval T. For chaotic 
light, eg. (Ht reduces to the Bose-Einstein distribution 
[2£ " 



Pth(n) = 



(1 + n) 



l+n ' 



(5) 



We have performed an experiment to directly measure 
the photon number statistics of the retrieved field. Since 
it is essential to measure the photon count events only 
for the retrieved light field, a 2 us electronic gating pulse, 
which sets the measurement interval T, was applied to 
the detector D2 right after the coupling field was turned 
back on, see Fig. [3ja) . The single-photon counting de- 
tector we used, Perlkin-Elmer SPCM-AQ4C, has roughly 
50 ns dead time and 400 Hz dark count rate. Note that 



the T = 2 [is gate pulse duration was chosen so that it is 
much shorter than the coherence time of the probe field 
while much larger than the dead time of the detector. 

The experimental results of the photon counting distri- 
bution measurement for the retrieved probe field from the 
EIT medium are shown in Fig. 21 As shown in Fig.[^a), 
for the case that the probe field is chaotic thermal light, 
the measured photon number statistics for the retrieved 
field follows the Bose-Einstein distribution. When the 
probe field is coherent (the ground disk is not rotated), 
the retrieved field exhibits the Poisson distribution, see 
Fig. lib). 

If we approximate that the probe field as the single 
mode field, the normalized second-order correlation coef- 
ficient is given as [23] 



g& = 1 + ((An) 2 - n) /n 2 



(6) 



where (An) 2 = (n 2 )—n 2 and n can be calculated from the 
experimental data. For Fig. HJa), we get = 2.23 ± 
0.132 and for Fig. gjb), we get g^ = 0.995 ± 0.016. 
These values agree quite well with the theoretical values: 
g( 2 ) = 1 for coherent light and g' 2 ' = 2 for thermal light. 
Potential sources of errors for the experimental values are 
issues related to the single-photon detector (dark counts 
and dead time) and the fact that the probe field is in fact 
not single- mode. (We did not directly measure g^(r) 
of the retrieved field due to electronics limitations, see 
Ref. (HO 

In summary, we have experimentally investigated prop- 
agation and storage of chaotic thermal light in an EIT 
medium. We have demonstrated the slow light effect 
for the thermal light in the EIT medium by observing 
the delayed cross-correlation function using a Hanbury- 
Brown— Twiss interferometer. We have also demon- 
strated storage and retrieval of chaotic thermal light in 
the EIT medium and showed that the photon count dis- 
tribution is preserved during the storage and retrieval 
process. 
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